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3 LLC Benefits and Drawbacks vs. Phase Shift Full Bridge 



LLC 


Phase Shift Full Bridge 


■ Benefits 




Full resonant ^ less EMI 


Quasi resonant 


Soft switching in primary and secondary sides ^ High 
efficiency 


Secondary side is hard switching 


Soft switching over a wide load ranged High efficiency at 
light load 


Soft switching is load dependent 


No output inductor ^ Low BoM cost in magnetics 


Needs one or two output inductors 


Lower blocking voltage for secondary rectifiers ^ Lower 
cost, better FoM devices 


Needs higher voltage devices 


Half Bridge LLC and Full Bridge LLC covers wide power range 
applications. 


More suitable for high power application 


■ Drawbacks 




More Challenging control and design - knowledge intensive; 
integrated magnetics require sophisticated design approach 


Easy control and straight forward design 


Non trapezoidal current waveform ^ Higher conduction 
loss overcome by lower Ron FETs, with lower FOM 


trapezoidal current waveform ^ Lower 
conduction loss 


Variable frequency to regulate output voltage 


Fixed frequency control 



4 Concept of LLC Resonant Converter 



Switching Resonant Transformer 




Switching bridge generates square waveform to excite resonant tank, 
resonant sinusoidal current gets scaled and rectified by transformer 
and rectifier, output capacitor filters the ac current to output DC 
voltage 
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Basic Analysis of LLC Converter 
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Basic Analysis of LLC Converter 
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Modes of Operation 



K(.2,m,Fx) 
K(lO,m,Fx) 



Below resonance 

At resonance 
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At resonance operation fs=fr 

■ Unity gain 

■ Optimal operational point 
Below resonance operation fs<fr 

■ Boost gain 

■ Increased primary side conduction 
losses 

■ Has the risk of capacitive mode 
operation 

Above resonance operation fs>fr 

■ Buck gain 

■ Increased Primary side turn off 
losses 

■ Reverse recovery for secondary 
side diodes 

■ Gain is less sensitive to frequency 
modulation 
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Above Resonance Operation fs>fr 




Below Resonance Operation fs<fr 
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Design Guideline 



Converter's required 
maximum voltage gain. 

Find which Q curve h 
that gain at its peak 

The frequency at that 
peak is set to be the 
minimum switching 
frequency - 
Maximum frequency must 
be limited for high 



K(.2,m,Fx) 
K(.25 ,m,Fx) 




efficiency, pulse skipping 
is used for further step 
down gain. 

> Limiting the minimum switching frequency guarantees operating in the 
inductive region for all load conditions, including and below maximum load. 

> Operation beyond maximum load falls into capacitive region (not safe), 
which is possible during start up and transient conditions design must 
allow some safety margin. 



13 Selection of m value 

m=(L r +L m )/L r 

• When choosing m, there is a compromise between input voltage range, 
efficiency, frequency modulation range, soft switching 



Lower magnetizing circulating currents Higher efficiency 




Higher boost gain Wider input range 

Narrower frequency range 
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14 Bridge and Rectifier Selection 



Primary Bridge: Half-Bridge compared to Full-Bridge 


'rms 
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Transformer primary 
copper loss 


x2 
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+ 2 
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x2 


*Comparison assumes same FET and transformer core 



Secondary Rectifier: Full-Wave compared to Full-Bridge 



Diode 
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Diode 
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R sec 


Transformer 


voltage 
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conduction 
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x2 



*Comparison assumes same diode drop and transformer core 
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ICE2HS01G 

Resonant Mode Controller 



16 Key Features 

• Flexible LLC operation 

- Adjustable frequency for Min, Max, OCP and SS -> Easy design 

- Maximum switching frequency up to 1MHz -> High power density 

- Adjustable and adaptive dead time control -> Easy design 

• Novel SR operation mode with various protections (patent pending) 

- Can be operated at boost region with SR -> Highest achievable efficiency 

- Variable protections for SR operation -> Easy and Reliable design 

- Control SR from primary controller -> No need of SR IC, low system cost 

• Accurate setting of switching frequency and dead time 

- Simple system design 

- optimized system efficiency 

• Various protections 

- OTP, OLP, OCP, Latch-off Enable -> Easy system design 



17 Frequency Oscillator 



• FREQ pin is regulated at 2V constantly, the current flowing out from FREQ pin is used to charge 
the internal oscillator capacitor. The higher output current, the higher switching frequency 

• Minimum operation frequency -> R FM)N 

• Softstart frequency -> R FM i N // r ocp // R ssi 

• Switching frequency during over current protections -> R FM in// r ocp 

• Maximum switching frequency during no load operation -> R FM in// r reg 



Timer SS 

— Q Q- 



FREQ LOAD 

— O Ch- 




op to 



/\|\f\n\/\/ Power Management 



\/ Five Years Out 



Current Sense and Over Current Protection (OCP) 

• ICE2HS01G increases the switching frequency 
once an OCP is detected via CS pin 

• 3-level OCP protection is implemented 

- Level 1 -> switching frequency increase 

- Level 2 -> switching frequency rapid increase 

- Level 3 -> IC enters into latch protection 



SR Control Scheme 

• On time prediction and adaptive control 

- Using primary switching frequency, input bus voltage information and preset on 
time period to determine the on time 

- Using current sensing information for adaptive on time adjustment 
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19 Over Load Protection (OLP) 



Over load protection is detected same as open 
loop protection, when feedback signal is high. 

After 20ms and after timer pin reaches V TH , IC 
enters into OLP and stop all switches and stop the 
charging current on Timer pin as well. 

IC will wait until the voltage on Timer pin falls 
below than V TL , then will restart with soft start. 



LOAD 




Burst Mode Operation 

• Light load is detected when feedback signal is low. 

• ICE2HS01G has two options for light load operation 

- High switching frequency as normal operation (disabled burst) 

- Enter into burst mode operation (enabled burst, limited max frequency) 
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Pin Layout & Typical Application Circuit 




Package -» PG-DSO-20-45 
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Reference Design #1 

Solar Micro-Inverter LLC DC-DC stage 



Solar LLC DC-DC stage 



Full-Bridge LLC 

w/ Full-Bridge rectifier 



Vo 


400V 


Vin 


16V - 36V 


Vin_nom 


33V 


Po_max 


250W @ Vin=36V 


Output power derates linearly with input voltage 
Ex: Output power= 125W @ Vin=18V 


fr 


110kHz 


fmin 


50kHz 


fmax 


190kHz 


Transformer 
turns ratio 


1:12 


Cr 


0.94uF 


Lr 


2.3uH 


Lm 


12.2uH 



Bridge FETs 

• BSC028N06NS 60V 2.8mO 

• New Generation 

• 55% reduction in Figure of 
Merit (Qg) 

• 37% reduction in Figure of 
Merit (Qoss) 



Rectifier diodes 

• IDH05G65C5 SiC 650V 5A 

• Low voltage drop 

• Low capacitive charge 

• High surge current 
capability 

• Improved thermal 
performance 




LLC analog controller 

ICE2HS01G 



Resonant 
capacitor 

Film MKP 



Transformer/ 
Resonant inductor 

E41/17/12 
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Solar LLC DC-DC stage 
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Solar LLC DC-DC stage 
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25 Experimental Waveforms 
At Resonance Operation fs=fr 



Vin= 33V 




Red: Primary FET V gs 

Yellow: Primary FET V ds 

Green: Resonant current l Lr 

Blue: Rectifier output current l D1 +l t 
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26 Experimental Waveforms 

Below Resonance Operation fs<fr 

Vin= 16V 
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P1 :rnax(C3) 
828 mA 



P2:max(C4) 
12.8 A 



P3:freq(C2) 
50.76114 kHz 



P4:max(C1) P5:freq(C2) P6:rnean(C4) 

Timebase 0.0 us] Trigger 



Red: Primary FET V gs 

Yellow: Primary FET V ds 

Green: Resonant current l Lr 

Blue: Rectifier output current l D1 +l D3 



Vin= 24V 



200W 




Measure 

value 
status 



P1 :rnax(C3) 
1.21 A 



P2:max(C4) P3:freq(C2) 
17.9 A 59.62742 kHz 



P4:max(C1) P5:freq(C2) P6:rnean(C4) 



Tirnebase 0.0 us] Trigger 
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27 Experimental Waveforms 

Above Resonance Operation fs>fr 
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Efficiency 
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Reference Design Example #2 
SMPS LLC DC-DC stage 



SMPS LLC DC-DC stage 



Full-Bridge LLC 

w/ Full-Bridge rectifier 



Vo 
Vin 

Vin_nom 

Po_max 

fr 

fmin 
fmax 

Transformer turns 
ratio 

Cr 

Lr 



12V/25A 

315Vdc~420Vdc 

400V 

300W 

85kHz 

30kHz 

180kHz 

16:1 
66nF 
53uH 



Lm 690uH 
AJVXQW Power Management 



Primary MOSFET: IPA60R199CP 
Secondary SR MOSFET: SPP015N04N G 
Main Tram: PQ3230 PC95 
Resonant Choke: RM10 PC95 
Pulse Tram: EE13 PC44 
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SMPS LLC DC-DC stage 
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SMPS LLC DC-DC stage 
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Burst Mode Operation at No Load 



verbal Time^ase Tnjgw Dis^ia? Cursor Measure Mjth Maijsrs ubiih«s Keif 







VOLlt 






































Vioad 
























_ 












i — • — • — * — 


r -r ■ - . 
















Vpr 


_gate 




















1 
































P1 :ma»(C2) P? mint C2J P3:r pw(C3£> P4:aq#r(C3.C3) P 5 or(C3.C3f> 

12 22 V 12.01V 





F5 maiCD 
172 V 

✓ 



100 MS £0MS*lEdg* Netftfw 



7/271301 14:36 47 AM 



/\I\T\QW Power Management 



v 



Five Years Out 



SR Soft Start at Full Load 



TimQbaGG Trigger 



Measure Math 



Utilities Help 



Zoom '"t--, 


























<f SRG^duiy 










































, ' 



















































Measure 

■/aluE 
atatus 



LeCro v 



Pl:duty(Zl) 
40.71 % 



P2.mlntC4) 



P3:max(C3) 



PiTr&q£C1) 



P6:--- 



C1 Z2 iguana 


Fi track(P1)[Z1 z»m<C1| 


m OV/div 
[ -1 BO V OTSl J 


10JQ W/div 
500 ps^dk 


10.0 V/div 
500 us/div 



ffbiii -16.9 ma] T ringer fcWETll 



7/11J2D11 11:23:44 PM 



/\I\T\0\A/ Power Management 



V 



Five Years Out 



Efficiency 
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